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Abstract. We consider a renormalizable extension of the standard model whose fermionic
dark matter (DM) candidate interacts with a real singlet pseudo-scalar via a pseudo-scalar
Yukawa term while we assume that the full Lagrangian is CP-conserved in the classical level.
When the pseudo-scalar boson develops a non-zero vacuum expectation value, spontaneous
CP-violation occurs and this provides a CP-violated interaction of the dark sector with the
SM particles through mixing between the Higgs-like boson and the SM-like Higgs boson.
This scenario suggests a minimal number of free parameters. Focusing mainly on the indi-
rect detection observables, we calculate the dark matter annihilation cross section and then
compute the DM relic density in the range up to mDM = 300 GeV. We then find viable regions
in the parameter space constrained by the observed DM relic abundance as well as invisible
Higgs decay width in the light of 125 GeV Higgs discovery at the LHC. We find that within
the constrained region of the parameter space, there exists a model with dark matter mass
mDM ∼ 38 GeV annihilating predominantly into b quarks, which can explain the Fermi-LAT
galactic gamma-ray excess.
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1 Introduction
The search for deciphering the identity of the dark matter (DM) has been under intense
scrutiny since long ago, see reviews in [1, 2]. There is a strong confidence that about 25 per
cent of the matter content of the Universe is made of a new very long lived particle or particles,
the so called dark matter [3]. The search for DM signals divides into direct detection and
indirect detection methods. The former approach relies on the DM scattering with ordinary
matter while the latter avenue depends on the dark matter annihilation processes.
In case there is a sensible interaction of DM with ordinary matter, in direct detection
approach, the experiment is set up so as to measure the recoil energy of the nuclei induced
by DM scattering off nucleons [4, 5]. In this regards, the first results of LUX dark matter
experiment [6] although finds no evidence for DM interaction it provides us with impressive
bounds on the DM-nucleon scattering cross section in a wide range of DM mass. Along
the same line, dark matter results from XENON100 experiment [7] again finds low spin-
independent DM-nucleon scattering rate.
On the other hand, within the indirect detection method, lies the accurate measurement
of the dark matter density. The Planck experiment recently obtained the cold dark matter
(CDM) density based on high precision measurement of the acoustic peaks in the cosmic
microwave background [3]
ΩCDMh
2 = 0.1196± 0.0031 . (68% C.L.) .
In agreement with the Planck result, WMAP temperature and polarization data including
low multipoles [8] provided us with the cold dark matter density as
ΩCDMh
2 = 0.1138± 0.0045 . (68% C.L.) .
– 1 –
J
C
A
P01(2015)015
In addition, as indirect detection, dark matter pair annihilation can produce potentially
measurable anomalous gamma-rays, cosmic rays and also neutrinos. Gamma-rays are par-
ticularly interesting and may be observable by the Fermi Gamma-Ray Space Telescope [9].
A promising place on the sky to look for the gamma-rays are the central region of the Milky
Way which contains a high density of DM and it is relatively close to us, see discussions
in [10–12].
Besides the possibility of direct and indirect detection of DM, it is plausible to have DM
production at particle colliders [13–15].
Motivated by the observational developments discussed above, the question now is about
the nature of the dark matter. So let us take a look at the theoretical undertakings. As it
is well-known the Standard Model (SM) of particle physics is lacking a proper candidate for
DM. A copious number of theories beyond the SM exist which propose some kind of dark
particle candidates generically called weakly interacting massive particles (WIMPs) in order
to explain the observed relic density.
The most vastly investigated DM candidate as a WIMP is the lightest supersymmetric
particle (LSP) which is a stable particle in supersymmetric (SUSY) models with conserved
R-parity, see [16–20] and references therein. However, being well motivated theoretically,
the presence of large number of free parameters have hindered our predictivity within SUSY
models. On the contrary, in models with universal extra dimensions (UED), the size of the
extra dimension is the only parameter of the model which dominates the physics [21, 22]. The
lightest Kaluza-Klein particle whose mass is the inverse of the compactification radius, is the
DM candidate which is stable due to the conserved Kaluza-Klein parity. Relying on a new
symmetry at the TeV scale dubbed T-parity, in the little higgs model introduced in [23, 24]
to cure the little hierarchy problem, emerges the lightest T-odd new particle which may serve
as a WIMP.
The minimal extension of the SM is the addition of a gauge singlet real scalar field [25, 26]
or a gauge singlet complex scalar field [27] to the SM with Z2-parity imposed on the new fields
to ensure their stability as DM candidates. A minimal dark matter model is also introduced
in [28] in which the new fermionic or bosonic field has only gauge interaction. Moreover, a
minimal extension of the SM is constructed by the inclusion of a hidden sector incorporating a
gauge singlet scalar field and a gauge singlet fermionic field [29]. The fermionic field interacts
with the SM fields only through the singlet scalar field while the latter has triplet and quartic
scalar interactions with the SM higgs doublet. Since the new fermion is assumed to be
charged under a global unbroken U(1) symmetry while the SM fields are neutral under the
same symmetry, there is no direct interaction between the singlet fermion and SM particles.
In this model singlet fermion is the DM candidate.
Recently, motivated by the null result from direct detection of DM, it has been thought
that the WIMP dark matter may interact in such a way as to leave a trace in one experiment
but not necessarily in another one. One example in this regards, is a model put forward
in [30] suggesting a new type of dark matter dubbed, coy dark matter. In this model it is
shown that the proposed dark matter can explain the observed extended gamma-ray flux
originating from the galactic center without expecting any signals from direct detection or
elsewhere.
Additionally, in [31, 32] the possibility of having no signature from direct detection is
studied with singlet fermionic dark matter whose interaction with the SM particles is through
a Higgs portal. Using a super-renormalizable Higgs portal in [31], a dominant CP-violated
coupling for DM is found which leads to a suppression of order ∼ 103 for all visible Higgs
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decay channels. However, no suppression of this magnitude is found at the LHC [33]. On the
other hand, within the framework of effective field theory in [32] a 5-dimensional Higgs portal
is considered with CP-conserved and CP-violated components. It is shown in [32] that both
components are necessary in order for DM with 60 GeV . mDM . 2 TeV to be in consistent
with direct detection results. Along the same line, in [34] an updated analysis is performed
for a general case including both CP-odd and CP-even interactions within a UV completion
model introduced in [32].
In this article we consider a minimal extension of the SM in which a fermionic dark
matter interacts with a pseudo-scalar mediator via a pseudo-scalar Yukawa interaction. We
assume our Lagrangian to be CP-conserved in the classical level and therefore the pseudo-
scalar mediator is allowed to interact with DM only through gφχγ5χ. When pseudo-scalar
boson develops a non-zero vacuum expectation value, the CP symmetry is broken sponta-
neously and on the other hand, the Higgs portal φ2H†H provides a link between DM sector
and the SM particles. As a new development we focus in this work on the connection be-
tween the invisible Higgs decay width measurements and indirect detection observations. It
is known a priori that direct detection of DM is suppressed in our scenario. Our prime mo-
tivation here is to firstly find the viable parameter space constrained by DM relic density
observations and if applicable by the invisible Higgs decay width and secondly we quest for
a parameter region in the constrained viable parameter space to explain the Galactic Center
anomalous gamma ray excess.
The structure of the paper is as follows. In section 2 a fermionic dark matter model
with only CP-odd coupling for DM is considered and relations among the relevant couplings
are derived. In section 3 Higgs decay width for decays into DM and scalar mediator are
calculated and constraints from measured Higgs decay width is considered. We calculate the
DM annihilation cross sections in section 4 and then compute the relic density for various
sets of parameters. We also find in this section the viable parameter space constrained by
observed relic density and measured invisible Higgs decay width. In section 5 we provide a
detailed derivation for the DM-nucleus elastic scattering for DM with pseudo-scalar coupling.
We find in section 6 that it is possible to explain the observed gamma ray excess from the
Galactic Center within our constrained parameter space. We finish up with a conclusion in
section 7.
2 Singlet fermionic dark matter
The model we consider here is a renormalizable extension of the Standard Model (SM)
Lagrangian with two new extra fields, one Dirac fermion field χ and one real pseudo-scalar
field φ. The new fields are SM gauge singlets and the fermionic field is charged under a global
U(1)DM symmetry. Since all the SM fields are singlet under the global symmetry, the SM
particles interact with the dark sector only via the Higgs portal. We assume in the following
that our full Lagrangian is CP-invariant in the classical level.
The model Lagrangian therefore consists of the following parts:
L = LSM + LDark + Lφ + Lint , (2.1)
where LDark introduces the singlet Dirac field which does not undergo any mixing with the
SM fermions due to the presumed global U(1)DM symmetry of the singlet fermion with
LDark = χ¯(i6∂ −mD)χ , (2.2)
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and Lφ is a renormalizable Lagrangian for the pseudo-scalar boson as
Lφ = 1
2
(∂µφ)
2 − m
2
0
2
φ2 − λ
24
φ4 . (2.3)
The interaction Lagrangian itself, Lint, consists of a pseudo-scalar Yukawa term and an
interaction term incorporating SM-higgs doublet and singlet pseudo-scalar,
Lint = −igφχ¯γ5χ− λ1φ2H†H . (2.4)
It is readily seen that the Lagrangian L is CP-invariant since under the parity transformation
φ(t, ~x) → −φ(t,−~x) and χ(t, ~x) → γ0χ(t,−~x) in which the scalar field φ carries odd parity
and under charge conjugation transformation we have φ(t, ~x)→ φ(t, ~x) and χ(t, ~x)→ χ(t, ~x).
The Higgs field, H, is a SM SU(2)L scalar doublet. On the other hand, the SM Higgs potential
introduces the quartic self coupling of the Higgs field as
VH = −µ2HH†H − λH(H†H)2 . (2.5)
The Higgs field develops a non-zero vacuum expectation value (vev) which gives rise to the
electroweak spontaneous symmetry breaking. The fluctuation about the vev is described by
the scalar field h˜ such that
H =
1√
2
(
0
vH + h˜
)
, (2.6)
where vH = 246 GeV. In addition we assume in this model that the pseudo-scalar singlet also
acquires a non-zero vev as
φ = vφ + S . (2.7)
This consequently leads to the spontaneously breaking of CP symmetry. The global U(1)DM
symmetry is conserved even after the spontaneous symmetry breaking and thus, this ensures
the stability of the fermionic singlet which is a necessary condition for a proper dark matter
candidate.
From the minimization condition of the potential, i.e.,
∂V
∂H
∣∣∣∣
〈H〉=vH/
√
2
=
∂V
∂φ
∣∣∣∣
〈φ〉=vφ
= 0 , (2.8)
we can express two parameters of the model in terms of the vevs and quartic coupling by the
relations
m20 = −
λ
6
v2φ − λ1v2H ,
µ2H = −λHv2H − λ1v2φ . (2.9)
We now turn back to the Lagrangian and pick out entries of the mass matrix associated with
the SM-higgs field, h˜, and the scalar field S,
m2S =
∂2V
∂S2
=
1
3
λv2φ , (2.10)
m2
h˜
=
∂2V
∂h2
= 2λHv
2 , (2.11)
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and
m2
h˜,S
=
∂2V
∂S∂h
= 2λ1vφv , (2.12)
in which to obtain the relations above we have used eq. (2.9). We then indicate the mass
eigenstates h and ρ as following by defining the mass mixing angle θ,
h = sin θ S + cos θ h˜ ,
ρ = cos θ S − sin θ h˜ , (2.13)
where,
tan θ =
y
1 +
√
1 + y2
, with y =
2m2
h˜,S
m2
h˜
−m2S
. (2.14)
The two neutral Higgs-like scalars h and ρ given as admixtures of SM higgs h˜ and scalar
S, have reduced couplings to the SM particles by a factor sin θ or cos θ. The corresponding
mass eigenvalues are given by
m2h,ρ =
m2
h˜
+m2S
2
±
m2
h˜
−m2S
2
√
1 + y2 , (2.15)
where the upper sign (lower sign) corresponds to mh(mρ). In the following we assume that
h is the eigenstate of the SM higgs with mh = 125 GeV and ρ corresponds to the eigenstate
of the singlet scalar. It is possible to obtain the quartic couplings in terms of higgs masses,
vevs and mixing angle
λH =
m2ρ sin
2 θ +m2h cos
2 θ
2v2H
,
λ =
m2ρ cos
2 θ +m2h sin
2 θ
v2φ/3
,
λ1 =
m2ρ −m2h
4vHvφ
sin 2θ. (2.16)
The stability of the potential puts constrains on the quartic couplings as λ > 0, λH > 0 and
λλH > 6λ
2
1. One more restriction on the couplings comes from the perturbativity requirement
of the model which demands |λi| < 4pi. The set of independent free parameters in the model
are considered to be mχ, mρ, g, θ and vφ. We use the relations given in eq. (2.16) to display
in figure 1 the dependency of the couplings on the mixing angle, mρ and vφ. Two different
values are chosen for the scalar boson mass, mρ = 400 and 500 GeV while for both cases we
take vH = 246 GeV. Comparison between our results in the left and right panels are made for
two different values of vφ, namely 600 GeV and 1000 GeV. We find out that both conditions,
λλH > 6λ
2
1 and |λi| < 4pi are well fulfilled for the above parameter set.
3 Constraint from invisible Higgs decay
Within the Standard Model the total decay width of the Higgs boson is ΓSMHiggs ≈ 4 MeV [35]
for a Higgs mass of 125 GeV. For light dark matter mass such that mχ <
mh
2 and additionally
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Figure 1. Shown are the quartic couplings as a function of the mixing angle at vH = 246 GeV for
two different values of the scalar boson mass, mρ = 400 GeV and 500 GeV. In the left panel vφ =
600 GeV and in the right panel vφ = 1000 GeV.
having the condition mρ > mh/2, there is only one new channel open for the Higgs decay
which is kinematically allowed,
Γ(h→ χ¯χ) = g
2 sin2 θ
8pi
(m2h − 4m2χ)1/2. (3.1)
We therefore expect the modification of the total decay width of the Higgs boson as
Γtoth = cos
2 θ ΓSMHiggs + Γ(h→ χ¯χ). (3.2)
The invisible branching ratio of the Higgs decay for various channels are investigated re-
cently in the light of 125 GeV Higgs discovery at the LHC in [36–38]. In [38] a conservative
experimental upper limit for the invisible branching fraction of the Higgs boson is achieved,
Binv . 0.35. Thus we can obtain from eq. (3.2) an upper limit for the invisible Higgs decay
width,
Γ(h→ χ¯χ) < Binv
1−Binv cos
2 θ ΓSMHiggs. (3.3)
Given the decay width of the Higgs boson into two dark matter particles in eq. (3.1) we
derive an upper limit for the product |g tan θ| as
|g tan θ| < 7.35 (MeV )
1/2
(m2h − 4m2ψ)1/4
. (3.4)
In case we consider light scalar boson with mρ < mh/2, there is one more possible decay
channel for SM-higgs decay with
Γ(h→ ρρ) = c
2
8pimh
(1− 4m2ρ/m2h)1/2, (3.5)
in which
c = (4 sin θ − 6 sin3 θ)λ1vφ + (6 cos θ sin2 θ − 2 cos θ)λ1vH (3.6)
−(cos2 θ sin θ)λvφ − 6 cos θ sin2 θλHvH .
Our numerical examination shows that the effect of the decay h → ρρ on the upper bound
of |g tan θ| is essentially negligible.
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Figure 2. Shown are the relevant Feynman diagrams for DM annihilation.
4 Dark matter relic density
The problem of dark matter is an interesting instance of freeze-out in the early Universe. It
is in fact the question of what happens when dark particles (χ) go out of equilibrium. The
pair annihilation of dark particles into pairs of SM particles (χ¯χ → X¯X) and the inverse
processes play a central role in our treatment based on the Boltzmann transport equation
in an expanding Universe. The reason relies on the fact that only the annihilation and
production reactions can change the number of dark particles in the comoving volume.
In thermal equilibrium, annihilation of dark particles take place with the same rate as
their creation processes occur. However, an expanding Universe cools down and reaches a
point (T  mDM) in which the dark particle interactions freeze out. In fact at the freeze-
out temperature the annihilation rate of dark particles drops below the Hubble expansion
rate. On the other hand, at temperature T  mDM, dark particle production reactions
are Boltzmann suppressed since only a small portion of X¯X have enough kinetic energy to
produce a χ¯χ pair. After freeze-out, the number density, nχ does not change with time
asymptotically. We can thus determine the present value of the relic density by solving
numerically the evolution equation.
Taking into account the considerations sketched above, the time evolution of the number
density of the singlet dark matter in departure from equilibrium is governed by the Boltzmann
equation as
dnχ
dt
+ 3Hnχ = −〈σannvrel〉[n2χ − (nEQχ )2]. (4.1)
The second term in the left-hand side is the dilution due to the expanding Universe, where H
is the Hubble parameter. In the expression 〈σannvrel〉 thermal averaging is understood because
particles annihilate with random thermal velocities and directions. The thermal average of
the annihilation cross section times the relative velocity at temperature T is obtained by
integration over the center of mass energy
√
s as
〈σannvrel〉 = 1
8m4χTK
2
2
(mχ
T
) ∫ ∞
4m2χ
ds (s− 4m2χ)
√
s K1
(√
s
T
)
σann(s) , (4.2)
in which K1,2 are modified Bessel functions of first and second rank. The number of possible
annihilation channels at the limit of zero velocity depends on the mass of the dark particle.
In the aforementioned model, at tree level in perturbation theory the annihilation processes
occur with exchanging a SM-higgs field, h or a ρ boson field. We consider a range of mass
for DM where a pair of dark particles may annihilate through s-channel into a pair of SM
fermions (quarks and leptons) and a pair of gauge bosons (W+W−, ZZ) and also through
s-, t- and u-channel into hh or ρρ. We provide the necessary cross section formulas in the
appendix. The relevant Feynman diagrams for the dark matter annihilation processes are
depicted in figure 2.
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Figure 3. Relic abundance as a function of DM mass. On the left plot vφ = 600 GeV and vφ =
1000 GeV for the plot on the right. The horizontal band corresponds to 0.1172 < ΩDMh
2 < 0.1226,
which is a combined result from WMAP and Planck.
Employing the program LanHEP [39] we implement our model into the program
CalcHEP [40] and calculate the annihilation cross sections and as a cross check on our imple-
mentation we find agreement with our analytical results given in the appendix. In the present
article we analyze the relic density of DM by employing the program MicrOMEGAs [41]
which solves the Boltzmann equation numerically. MicrOMEGAs in turn uses the program
CalcHEP to calculate all the relevant cross sections.
4.1 Numerical analysis: a first look
We investigate here the viable region in the parameter space of the singlet fermionic model
concerning the indirect detection of the fermionic dark matter along with implications from
invisible Higgs decay at LHC. Our analysis is performed with values for the quartic couplings
which meet the constraints from vacuum stability and perturbativity condition.
As a first numerical look we calculate the relic abundance as a function of DM mass
between 30 GeV and 300 GeV for two different values of ρ boson mass, 400 GeV and 500 GeV.
The constraint from invisible higgs decay is not imposed here. The results depicted in figure 3
for three choices of g sin θ = 0.02, 0.08 and 0.48 show some correct characteristic features.
One can see that the relic density drops fast for all set of parameters with mρ = 400 GeV,
at DM mass close to 62 GeV and 200 GeV corresponding to the exchange of a SM-higgs and
a singlet scalar, respectively. This sounds reasonable because the annihilation cross section
get enhanced at resonance regions and since Ωh2 ∝ (σv)−1, a dip in the relic density should
appear. Moreover, we expect some important effects on the relic density when mχ ≈ mW and
mχ ≈ mZ since at these masses two new channels now open up for DM to annihilate into.
These effects show up in all the plots in figure 3 at threshold values where the annihilation
cross section increases and therefore make the relic density to decrease. One more additional
study is done on the impact of the quartic couplings on the relic abundance. This can be done
by adopting two distinct values for vφ, namely 600 GeV and 1000 GeV. We know already that
only at large enough DM mass where two new channels χ¯χ → hh and χ¯χ → ρρ open, the
size of vφ becomes important as the relations in eq. (2.16) imply. In figure 3 the results when
compared between left panel and right panel indicate that for smaller value of the quartic
couplings (corresponding to vφ = 1000 GeV) the relic density grows more significantly at DM
mass close to 300 GeV when mρ = 400 GeV as anticipated.
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Figure 4. The viable parameter set in the plane (g tan θ,mχ) with mχ < mh/2 and mρ < 80 GeV.
The gray band indicates excluded region by invisible higgs decay.
4.2 Viable parameter space
Taking into account the correct relic abundance of DM, we scan the parameter space over two
ranges of the DM mass, namely mχ < mh/2 and mh/2 < mχ < 200 GeV. We have chosen
this way because the invisible higgs decay put constrain on g sin θ for mχ < mh/2 but not
on larger DM masses.
We first report on our results concerning the lower range mass, mχ < mh/2 in figure 4
where we take for the mixing angle such that sin θ = 0.0026 and generate random values
for g with 0 < g < 10. The dominant DM annihilation channels are into final states b¯b and
τ+τ− and in case we consider the region mρ . mχ, DM annihilation into ρρ will take over
at smaller values for g sin θ. As one important outcome, it is apparent from the figure that
there is no allowed mass value for DM in the parameter space when mρ is far larger than
mχ. This can be explained in terms of annihilation cross sections for two reactions χ¯χ→ f¯f
and χ¯χ→ ρρ. When the latter reaction becomes kinematically closed, in order for the total
cross section to compensate the lack, it should pick up large values of g sin θ which this may
exceed allowed values determined by the invisible Higgs decay constraint.
Now, we look at the higher range for the DM mass, 60 GeV < mχ < 200 GeV. Our
results are provided by figure 5 for two distinct interval for mρ, namely, 100 GeV < mρ <
160 GeV in the left panel and 250 GeV < mρ < 550 GeV in the right panel. For both intervals
we set sin θ = 0.1 and randomly generate 0 < g < 10 and then single out the allowed region
in the plane (g sin θ,mχ). We can notice from the figures that at ρ boson masses less than
160 GeV, the coupling g is allowed to pick out values larger than unity up to DM mass of
about 150 GeV. For larger ρ boson masses (250 GeV < mρ <550 GeV) the coupling g is
allowed to exceed unity only at mχ . 80 GeV and mχ & 170 GeV.
Finally, in figure 6 we scan the viable region in (mχ,mρ) space for reasonable values for
the Yukawa coupling g, 0 < g < 1 and a choice for the mixing angle such that sin θ = 0.1.
5 Direct detection
In this section we derive in detail the DM-nucleus elastic scattering cross section for the
model introduced above. The WIMP-nucleus elastic scattering cross section depends on the
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Figure 5. The viable parameter set in the plane (g sin θ,mχ) with 60 GeV < mχ < 200 GeV and
various intervals for mρ.
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Figure 6. The viable parameter set in the plane (mχ, mρ) with 0 < g < 1 and sin θ = 0.1 for masses
63 GeV < mχ < 200 GeV and 50 GeV < mρ < 500 GeV .
fundamental interaction of the WIMP-quark. The quark level interaction in our model occurs
via t-channel by the Higgs exchange or the singlet scalar exchange, where at low momentum
transfer the interaction is given by an effective four-fermi contact Lagrangian as
Leff = αqχ¯γ5χ q¯q , (5.1)
with
αq = (g sin θ cos θ)
mq
vH
(
1
m2h
− 1
m2ρ
)
. (5.2)
We can now define the tree-level matrix element describing the scattering between the
fermionic dark matter, χ and the individual nucleons N (either proton p or neutron n)
MχN =
∑
q
αq〈χf |χ¯γ5χ|χi〉〈Nf |q¯q|Ni〉 . (5.3)
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We cannot evaluate the nucleonic matrix element analytically because it is not known yet
how to connect the quark degrees of freedoms into the nucleonic ones through the non-
petrubative mechanism of confinement. However, it is conventionally assumed that in the
limit of vanishing momentum transfer, the nucleonic matrix element with the quark current
is proportional to that with nucleon current [42–45]∑
q
αq〈Nf |q¯q|Ni〉 → αN 〈Nf |N¯N |Ni〉 , (5.4)
where
αN = mN
∑
q=u,d,s
fNTq
αq
mq
+
2
27
fNTg
∑
q=c,b,t
αq
mq
. (5.5)
The proportionality constants fNTq and f
N
Tg incorporate the non-perturbative physics of strong
interaction at low energy and mN represents the nucleon mass. To proceed we shall follow
closely the discussions in [46–48]. We can now construct the matrix element for the dark
matter-nucleus scattering in the non-relativistic limit as
MχT = αN 〈Nf |N¯N |Ni〉 〈χf |χ¯γ5χ|χi〉 ≈ 4αNmN
(
mT
mN
)
(ξs
′
N )
†ξsN 〈χf |~q.~Sχ|χi〉 , (5.6)
where the matrix element 〈χf |~q.~Sχ|χi〉 contains the DM-spin operator in which ~q is the
momentum transferred to the nucleus and ξsN is the two-component spinor corresponding to
the fermion N with spin s. The extra factor mTmN is inserted due to the different normalization
between the target nucleus with massmT and the nucleon with massmN . We therefore obtain
the corresponding squared matrix element averaged over initial spin states and summed over
the final states as
〈|MχT|2〉 = sχ(sχ + 1)
3(2jT + 1)
16α2Nm
2
T ~q
2 . (5.7)
The differential cross section for DM-nucleus scattering in the non-relativistic limit [47] reads
dσT (v, ~q
2)
d~q 2
=
〈|MχT|2〉
64pim2χm
2
T v
2
. (5.8)
We can then calculate the total cross section as
σ(v) =
∫ 4v2µ2T
0
dσT (v, ~q
2)
d~q 2
d~q 2 , (5.9)
where µχT is the reduced mass of the DM-nucleus system. We arrive finally at our expression
for the spin-independent (SI) total cross section for DM-nucleus scattering
σSI(v) =
[Zαp + (A− Z)αn]2
2jT + 1
v2µ4T
2pim2χ
, (5.10)
where the DM-nucleus relative velocity v ∼ O(10−3). We note that the DM bilinear ma-
trix element results in a velocity suppression in the cross section of WIMP-nucleus in the
no-relativistic limit. Our numerical probe over the full parameter space shows that DM scat-
tering rate in our model is far below the minimum bands imposed on the scattering rate by
the current results from LUX and XENON100, so that the dark matter particle can evade
direct detection. Thus, as it was known from earlier works, we expect no constraints on the
parameter space of our model from direct detection of DM.
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6 Gamma-ray emission from DM self-annihilation
The evidence for the gamma-ray emission from a small region centered on the Galactic
Center originating from annihilating dark matter was pointed out firstly in [10] based on
data from Fermi Gamma-Ray Space Telescope. Further studies with confirmation on this
finding can be found in [11, 12, 49–52]. Other sources, in particular, unresolved millisecond
pulsars are also considered to explain the observed anomalous gamma emission from the Inner
Galaxy [49, 50, 53]. However, recent studies relying on an estimated population of millisecond
pulsars in the Inner Galaxy suggest that millisecond pulsars make up only a small portion
(< 5%) of the total observed gamma excess, see discussions in [54, 55]. In the following we
assume that the observed gamma-rays are produced as a result of DM annihilation in the
Inner Galaxy. We shall then discuss in this section the gamma-ray emission from dark matter
self-annihilation in the singlet fermionic dark matter model. Here, we restrict our attention
to DM mass below W± and Z threshold, thus dark matter annihilation takes place only with
SM fermions in the final states (χ¯χ→ f¯f) via SM-higgs exchange or singlet scalar exchange.
The flux of gamma-rays at Earth produced by annihilating dark matter located in the central
region of the Milky Way is
d2Φ
dEγdΩ
=
1
16pi
〈σv〉ann
m2DM
dNγ
dEγ
∫ ∞
0
drρ2(r′, θ) , (6.1)
where the distance from the annihilation point to the earth denoted by r and r′ is given in
terms of the angle between the line of sight and the center of the galaxy as r′=
√
r2+r2−2rr cos θ
with r = 8.5 kpc. The photon flux depends upon two dynamical quantities, the annihilation
cross section times the relative velocity, 〈σv〉ann and the photon energy spectrum generated
per self-annihilation into a fermion pair, dNγ/dEγ . It is assumed that the dark matter
distribution is approximately spherical and thus we can give the dark matter density as a
function of the distance from the Galactic Center, r. Throughout our study we use the DM
density characterized as
ρ(r) = ρ
(r
r
)γ (rc + r
rc + r
)3−γ
, (6.2)
where γ = 1 is the standard NFW value for the inner slope. The scale radius chosen as rc = 20
kpc and ρ = 0.3 GeV/cm3 is the local dark matter density at 8.5 kpc from the Galactic
Center. We employ the package MicrOMEGAs to calculate the gamma-ray spectrum. Since
the astrophysical parameters involved in our computation for the gamma-ray flux are given
with uncertainties we do not limit ourself to the region in the parameter space which precisely
meet the constraints from observed relic abundance and invisible higgs decay width. Our
results for the gamma-ray excess is presented in figure 7 for mDM = 38 GeV as an example,
with two values for the inner slope, γ = 1.18 and 1.20. The singlet scalar mass is chosen
as mρ = 76 GeV (this is the resonance mass and enhance the cross section significantly). It
turns out that the dominant annihilation channels are into b¯b quark pair (∼ 94%) and τ+τ−
(∼ 6%) with the total annihilation cross section 〈σv〉ann ∼ 1.7 × 10−26 cm3s−1 consistent
with the value demanded by the thermal relic. We compare our results with the Fermi-LAT
data for the extended gamma-ray excess extracted from [56]. As it is evident from the plots
in figure 7, the gamma-ray flux with γ = 1.18 gives a better fit to the Fermi-LAT data.
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Figure 7. The flux of gamma-ray excess as data points are shown at 5° from the Galactic Center [56].
Gamma-ray spectra from dark matter annihilation into fermion pair at mDM= 38 GeV are compared
for two different values of the inner slope, γ.
7 Conclusions
In this work we considered a fermionic dark matter model in which dark matter particle
communicates with the SM particles via a CP-violated interaction term. It is known that
in this model dark matter evades direct detection because the DM-nucleus elastic scattering
cross section is velocity suppressed. The invisible higgs decay width is computed within the
model and constraint on the product g tan θ is found. We then calculated the DM annihilation
cross sections analytically and confirmed our results by applying the package CalcHEP. The
restricted region in the parameter space is then found in consistent with the observed DM
relic density.
We realized that the fermionic model discussed above indicates a robust connection
between invisible Higgs decay and indirect detection signals. In fact we emphasize that in
the parameter space can be found a CP-violated coupling for DM with natural magnitude
which meets the constraint from the anticipated invisible Higgs decay width and satisfy the
indirect detection restrictions provided by Planck and WMAP observations.
Furthermore, assuming that the origin of Fermi-LAT gamma-ray excess is due to the
WIMP dark matter annihilation in the Galactic Center, we note that a fermionic dark matter
with mDM ∼ 38 GeV can account for this excess.
Therefore, it is crucial that in the light of null result from current direct detection exper-
iments, within a model with Yukawa pseudo scalar DM coupling it is possible to understand
indirect detection signals.
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A Annihilation cross sections
We obtain the annihilation cross section of a DM pair into a pair of SM fermions as
σannvrel(χ¯χ→ f¯f) = g
2 sin2 2θ
64pi
[
1
(s−m2h)2 +m2hΓ2h
+
1
(s−m2ρ)2 +m2ρΓ2ρ
− 2(s−m
2
h)(s−m2ρ) + 2mhmρΓhΓρ
((s−m2h)2 +m2hΓ2h)((s−m2ρ)2 +m2ρΓ2ρ)
]
×Nc × 2s(mf
vH
)2(
1− 4m
2
f
s
) 3
2
 , (A.1)
where Nc is the number of color charge. The dominant contributions belong to the heavier
final states bb¯ and tt¯. The total cross section into a pair of gauge bosons in unitary gauge is
given by
σannvrel(χ¯χ→W+W−, ZZ) =
g2 sin2 2θ
64pi
[
1
(s−m2h)2 +m2hΓ2h
+
1
(s−m2ρ)2 +m2ρΓ2ρ
− 2(s−m
2
h)(s−m2ρ) + 2mhmρΓhΓρ
((s−m2h)2 +m2hΓ2h)((s−m2ρ)2 +m2ρΓ2ρ)
]
×[(
m2W
vφ
)2(
2 +
(s− 2m2W )2
4m4W
)(
1− 4m
2
W
s
) 1
2
+
1
2
(
m2Z
vH
)2(
2 +
(s− 2m2Z)2
4m4Z
)(
1− 4m
2
Z
s
) 1
2
]
. (A.2)
And finally we get the following result for the annihilation scattering into two higgs bosons as
σannvrel(χ¯χ→ hh) = g
2
32pi
(
1− 4m
2
h
s
) 1
2
[
a2 sin2 θ
(s−m2h)2 +m2hΓ2h
+
b2 cos2 θ
(s−m2ρ)2 +m2ρΓ2ρ
+
ab sin 2θ[(s−m2h)(s−m2ρ) +mhmρΓhΓρ]
((s−m2h)2 +m2hΓ2h)((s−m2ρ)2 +m2ρΓ2ρ)
]
+
g4 sin4 θ
16pis
(
1− 4m
2
h
s
) 1
2 [
s(m2χ − t) +m2χm2h − (m2χ +m2h − t)2
]×(
1
t−m2χ
+
1
u−m2χ
)2
, (A.3)
with
a = sin3 θλvφ + 6 cos
3 θλHvH + 6 sin
2 θ cos θλ1vH + 6 cos
2 θ sin θλ1vφ
b = cos θ sin2 θλvφ − 6 cos2 θ sin θλHvH − 6 sin3 θλ1vH + 4 sin θλ1vH
−6 cos θ sin2 θλ1vφ + 2 cos θλ1vφ , (A.4)
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and annihilation cross section into two ρ boson is
σannvrel(χ¯χ→ ρρ) = g
2
32pi
(
1− 4m
2
ρ
s
) 1
2 [ c2 sin2 θ
(s−m2h)2 +m2hΓ2h
+
d2 cos2 θ
(s−m2ρ)2 +m2ρΓ2ρ
+
c d sin 2θ[(s−m2h)(s−m2ρ) +mhmρΓhΓρ]
((s−m2h)2 +m2hΓ2h)((s−m2ρ)2 +m2ρΓ2ρ)
]
+
g4 cos4 θ
16pis
(
1− 4m
2
ρ
s
) 1
2 [
s(m2χ − t) +m2χm2ρ − (m2χ +m2ρ − t)2
]×(
1
t−m2χ
+
1
u−m2χ
)2
, (A.5)
with
c = λvφ cos
3 θ − 6λHvH sin3 θ − 6λ1vH cos2 θ sin θ + 6λ1vφ sin2 θ cos θ
d = λvφ sin θ cos
2 θ + 6λHvH sin
2 θ cos θ − 6λ1vH sin2 θ cos θ + 2λ1vH cos θ
+6λ1vφ sin
3 θ − 4λ1vφ sin θ . (A.6)
References
[1] G. Bertone, D. Hooper and J. Silk, Particle dark matter: Evidence, candidates and constraints,
Phys. Rept. 405 (2005) 279 [hep-ph/0404175] [INSPIRE].
[2] L. Bergstrom, Nonbaryonic dark matter: Observational evidence and detection methods, Rept.
Prog. Phys. 63 (2000) 793 [hep-ph/0002126] [INSPIRE].
[3] Planck collaboration, P.A.R. Ade et al., Planck 2013 results. XVI. Cosmological parameters,
Astron. Astrophys. 571 (2014) A16 [arXiv:1303.5076] [INSPIRE].
[4] M.W. Goodman and E. Witten, Detectability of Certain Dark Matter Candidates, Phys. Rev.
D 31 (1985) 3059 [INSPIRE].
[5] A.K. Drukier, K. Freese and D.N. Spergel, Detecting Cold Dark Matter Candidates, Phys. Rev.
D 33 (1986) 3495 [INSPIRE].
[6] LUX collaboration, D.S. Akerib et al., First results from the LUX dark matter experiment at
the Sanford Underground Research Facility, Phys. Rev. Lett. 112 (2014) 091303
[arXiv:1310.8214] [INSPIRE].
[7] XENON100 collaboration, E. Aprile et al., Dark Matter Results from 225 Live Days of
XENON100 Data, Phys. Rev. Lett. 109 (2012) 181301 [arXiv:1207.5988] [INSPIRE].
[8] WMAP collaboration, G. Hinshaw et al., Nine-Year Wilkinson Microwave Anisotropy Probe
(WMAP) Observations: Cosmological Parameter Results, Astrophys. J. Suppl. 208 (2013) 19
[arXiv:1212.5226] [INSPIRE].
[9] E.A. Baltz et al., Pre-launch estimates for GLAST sensitivity to Dark Matter annihilation
signals, JCAP 07 (2008) 013 [arXiv:0806.2911] [INSPIRE].
[10] L. Goodenough and D. Hooper, Possible Evidence For Dark Matter Annihilation In The Inner
Milky Way From The Fermi Gamma Ray Space Telescope, arXiv:0910.2998 [INSPIRE].
– 15 –
J
C
A
P01(2015)015
[11] D. Hooper and L. Goodenough, Dark Matter Annihilation in The Galactic Center As Seen by
the Fermi Gamma Ray Space Telescope, Phys. Lett. B 697 (2011) 412 [arXiv:1010.2752]
[INSPIRE].
[12] A. Boyarsky, D. Malyshev and O. Ruchayskiy, A comment on the emission from the Galactic
Center as seen by the Fermi telescope, Phys. Lett. B 705 (2011) 165 [arXiv:1012.5839]
[INSPIRE].
[13] M. Beltra´n, D. Hooper, E.W. Kolb, Z.A.C. Krusberg and T.M.P. Tait, Maverick dark matter at
colliders, JHEP 09 (2010) 037 [arXiv:1002.4137] [INSPIRE].
[14] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T.M.P. Tait and H.B. Yu, Constraints on
Dark Matter from Colliders, Phys. Rev. D 82 (2010) 116010 [arXiv:1008.1783] [INSPIRE].
[15] Y. Bai, P.J. Fox and R. Harnik, The Tevatron at the Frontier of Dark Matter Direct Detection,
JHEP 12 (2010) 048 [arXiv:1005.3797] [INSPIRE].
[16] G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter, Phys. Rept. 267
(1996) 195 [hep-ph/9506380] [INSPIRE].
[17] H. Goldberg, Constraint on the Photino Mass from Cosmology, Phys. Rev. Lett. 50 (1983) 1419
[Erratum ibid. 103 (2009) 099905] [INSPIRE].
[18] J.R. Ellis, J.S. Hagelin, D.V. Nanopoulos, K.A. Olive and M. Srednicki, Supersymmetric Relics
from the Big Bang, Nucl. Phys. B 238 (1984) 453 [INSPIRE].
[19] K. Choi, K.Y. Lee, Y. Shimizu, Y.G. Kim and K.-i. Okumura, Neutralino dark matter in
mirage mediation, JCAP 12 (2006) 017 [hep-ph/0609132] [INSPIRE].
[20] T. Moroi and L. Randall, Wino cold dark matter from anomaly mediated SUSY breaking, Nucl.
Phys. B 570 (2000) 455 [hep-ph/9906527] [INSPIRE].
[21] H.-C. Cheng, J.L. Feng and K.T. Matchev, Kaluza-Klein dark matter, Phys. Rev. Lett. 89
(2002) 211301 [hep-ph/0207125] [INSPIRE].
[22] G. Servant and T.M.P. Tait, Is the lightest Kaluza-Klein particle a viable dark matter
candidate?, Nucl. Phys. B 650 (2003) 391 [hep-ph/0206071] [INSPIRE].
[23] H.-C. Cheng and I. Low, TeV symmetry and the little hierarchy problem, JHEP 09 (2003) 051
[hep-ph/0308199] [INSPIRE].
[24] H.-C. Cheng and I. Low, Little hierarchy, little Higgses and a little symmetry, JHEP 08 (2004)
061 [hep-ph/0405243] [INSPIRE].
[25] V. Silveira and A. Zee, Scalar Phantoms, Phys. Lett. B 161 (1985) 136 [INSPIRE].
[26] C.P. Burgess, M. Pospelov and T. ter Veldhuis, The Minimal model of nonbaryonic dark
matter: A Singlet scalar, Nucl. Phys. B 619 (2001) 709 [hep-ph/0011335] [INSPIRE].
[27] J.R. McDonald, Gauge singlet scalars as cold dark matter, Phys. Rev. D 50 (1994) 3637
[hep-ph/0702143] [INSPIRE].
[28] M. Cirelli, N. Fornengo and A. Strumia, Minimal dark matter, Nucl. Phys. B 753 (2006) 178
[hep-ph/0512090] [INSPIRE].
[29] Y.G. Kim, K.Y. Lee and S. Shin, Singlet fermionic dark matter, JHEP 05 (2008) 100
[arXiv:0803.2932] [INSPIRE].
[30] C. Boehm, M.J. Dolan, C. McCabe, M. Spannowsky and C.J. Wallace, Extended gamma-ray
emission from Coy Dark Matter, JCAP 05 (2014) 009 [arXiv:1401.6458] [INSPIRE].
[31] M. Pospelov and A. Ritz, Higgs decays to dark matter: beyond the minimal model, Phys. Rev.
D 84 (2011) 113001 [arXiv:1109.4872] [INSPIRE].
– 16 –
J
C
A
P01(2015)015
[32] L. Lopez-Honorez, T. Schwetz and J. Zupan, Higgs portal, fermionic dark matter and a
Standard Model like Higgs at 125GeV, Phys. Lett. B 716 (2012) 179 [arXiv:1203.2064]
[INSPIRE].
[33] V. Barger, M. Ishida and W.-Y. Keung, Total Width of 125GeV Higgs Boson, Phys. Rev. Lett.
108 (2012) 261801 [arXiv:1203.3456] [INSPIRE].
[34] S. Esch, M. Klasen and C.E. Yaguna, Detection prospects of singlet fermionic dark matter,
Phys. Rev. D 88 (2013) 075017 [arXiv:1308.0951] [INSPIRE].
[35] A. Denner, S. Heinemeyer, I. Puljak, D. Rebuzzi and M. Spira, Standard Model Higgs-Boson
Branching Ratios with Uncertainties, Eur. Phys. J. C 71 (2011) 1753 [arXiv:1107.5909]
[INSPIRE].
[36] Y. Bai, P. Draper and J. Shelton, Measuring the Invisible Higgs Width at the 7 and 8TeV
LHC, JHEP 07 (2012) 192 [arXiv:1112.4496] [INSPIRE].
[37] D. Ghosh, R. Godbole, M. Guchait, K. Mohan and D. Sengupta, Looking for an Invisible Higgs
Signal at the LHC, Phys. Lett. B 725 (2013) 344 [arXiv:1211.7015] [INSPIRE].
[38] G. Be´langer, B. Dumont, U. Ellwanger, J.F. Gunion and S. Kraml, Status of invisible Higgs
decays, Phys. Lett. B 723 (2013) 340 [arXiv:1302.5694] [INSPIRE].
[39] A. Semenov, LanHEP - a package for automatic generation of Feynman rules from the
Lagrangian. Updated version 3.1, arXiv:1005.1909 [INSPIRE].
[40] A. Belyaev, N.D. Christensen and A. Pukhov, CalcHEP 3.4 for collider physics within and
beyond the Standard Model, Comput. Phys. Commun. 184 (2013) 1729 [arXiv:1207.6082]
[INSPIRE].
[41] G. Be´langer, F. Boudjema, A. Pukhov and A. Semenov, MicrOMEGAs 3: A program for
calculating dark matter observables, Comput. Phys. Commun. 185 (2014) 960
[arXiv:1305.0237] [INSPIRE].
[42] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Remarks on Higgs Boson Interactions with
Nucleons, Phys. Lett. B 78 (1978) 443 [INSPIRE].
[43] J.R. Ellis, K.A. Olive and C. Savage, Hadronic Uncertainties in the Elastic Scattering of
Supersymmetric Dark Matter, Phys. Rev. D 77 (2008) 065026 [arXiv:0801.3656] [INSPIRE].
[44] T. Nihei and M. Sasagawa, Relic density and elastic scattering cross-sections of the neutralino
in the MSSM with CP-violating phases, Phys. Rev. D 70 (2004) 055011 [Erratum ibid. D 70
(2004) 079901] [hep-ph/0404100] [INSPIRE].
[45] J.R. Ellis, A. Ferstl and K.A. Olive, Reevaluation of the elastic scattering of supersymmetric
dark matter, Phys. Lett. B 481 (2000) 304 [hep-ph/0001005] [INSPIRE].
[46] K.R. Dienes, J. Kumar, B. Thomas and D. Yaylali, Overcoming Velocity Suppression in
Dark-Matter Direct-Detection Experiments, Phys. Rev. D 90 (2014) 015012 [arXiv:1312.7772]
[INSPIRE].
[47] M. Cirelli, E. Del Nobile and P. Panci, Tools for model-independent bounds in direct dark
matter searches, JCAP 10 (2013) 019 [arXiv:1307.5955] [INSPIRE].
[48] N. Anand, A.L. Fitzpatrick and W.C. Haxton, Model-independent WIMP Scattering Responses
and Event Rates: A Mathematica Package for Experimental Analysis, Phys. Rev. C 89 (2014)
065501 [arXiv:1308.6288] [INSPIRE].
[49] D. Hooper and T. Linden, On The Origin Of The Gamma Rays From The Galactic Center,
Phys. Rev. D 84 (2011) 123005 [arXiv:1110.0006] [INSPIRE].
[50] K.N. Abazajian and M. Kaplinghat, Detection of a Gamma-Ray Source in the Galactic Center
Consistent with Extended Emission from Dark Matter Annihilation and Concentrated
Astrophysical Emission, Phys. Rev. D 86 (2012) 083511 [arXiv:1207.6047] [INSPIRE].
– 17 –
J
C
A
P01(2015)015
[51] C. Gordon and O. Macias, Dark Matter and Pulsar Model Constraints from Galactic Center
Fermi-LAT Gamma Ray Observations, Phys. Rev. D 88 (2013) 083521 [arXiv:1306.5725]
[INSPIRE].
[52] K.N. Abazajian, N. Canac, S. Horiuchi and M. Kaplinghat, Astrophysical and Dark Matter
Interpretations of Extended Gamma-Ray Emission from the Galactic Center, Phys. Rev. D 90
(2014) 023526 [arXiv:1402.4090] [INSPIRE].
[53] K.N. Abazajian, The Consistency of Fermi-LAT Observations of the Galactic Center with a
Millisecond Pulsar Population in the Central Stellar Cluster, JCAP 03 (2011) 010
[arXiv:1011.4275] [INSPIRE].
[54] I. Cholis, D. Hooper and T. Linden, Challenges in Explaining the Galactic Center Gamma-Ray
Excess with Millisecond Pulsars, arXiv:1407.5625 [INSPIRE].
[55] I. Cholis, D. Hooper and T. Linden, A New Determination of the Spectra and Luminosity
Function of Gamma-Ray Millisecond Pulsars, arXiv:1407.5583 [INSPIRE].
[56] T. Daylan et al., The Characterization of the Gamma-Ray Signal from the Central Milky Way:
A Compelling Case for Annihilating Dark Matter, arXiv:1402.6703 [INSPIRE].
– 18 –
